T he ventricular effective refractory period (VERP) is shortened by an increase in the intensity of the premature testing stimulus. This strength-interval relation has been well characterized in animals and humans.12 However, the effect of an independent increase in the intensity of the stimuli that make up the basic drive train (S1) has not been as well defined. Studies in animals have suggested that an increase in pacing stimulus intensity can significantly shorten the measured VERP.34 In S1 intensity has no effect on VERP.5
In an attempt to resolve the apparent discrepancy between the existing experimental and clinical studies, the current study systematically investigated the effects of S1 intensity on VERP in humans, using a technique to measure VERP that was sensitive to small changes in refractoriness.
Methods

Subjects Studied
This study was The apparatus and pacing paradigm are summarized in Figure 1 . A 6-French quadripolar electrode catheter (Bard Electrophysiology, Billerica, Mass.) with 1 cm interelectrode spacing was placed in the apex of the right ventricle and used to measure VERP. The output of a stimulator (Bloom Assoc., Narberth, Penn.) triggered three constant-current stimulus isolation units (Bloom Assoc.). These delivered 2-msec square-wave pulses with output current continuously variable from 0 to 10 mA. To vary independently the intensity of S1 while maintaining a constant intensity of the extrastimulus (S2), two stimulus isolation units were connected in parallel to the right ventricular electrode catheter. Testing under load with a pacing systems analyzer showed no change in pulse width or amplitude from either unit as a result of coupling the outputs.
Pacing Protocol
Because of time constraints, the entire pacing protocol could not be performed in every patient and the study therefore was divided into five phases, which were performed in different groups of subjects. The first phase of this study was performed in 14 subjects and was designed to determine whether the S1 intensity affects VERP measured under steadystate conditions. Bipolar pacing with the distal electrode serving as the cathode and the adjacent ring electrode (pole 2) as the anode was used throughout. The late diastolic ventricular capture threshold was determined, and S1 intensity was set to 1.5 times this value. Because action potential duration and VERP may adapt relatively slowly after a change in cycle length,67 continuous overdrive pacing without pauses at a cycle length of 500 or 600 msec was performed for 3 minutes before each measurement of VERP. If there was ventriculoatrial dissociation, the right atrium and right ventricle were paced synchronously to prevent interruption of the basic drive train by sinus capture beats. Refractoriness was assessed by introducing an S2 at twice the diastolic threshold. To prevent any confounding effects from variation in cycle length,8 the S2 was initially introduced at a coupling interval less than VERP and was incremented by 2 msec every fourth beat until capture. VERP was defined as the longest S1-S2 interval that consistently failed to evoke a ventricular depolarization. A single VERP determination was made at each S1 intensity.
The intensity of S1 was increased to 5 mA, and continuous pacing was performed for 3 minutes. VERP was determined again with the S2 intensity kept constant at twice threshold. Next, S1 intensity was increased to 10 mA and the procedure was repeated. Finally, VERP was measured again using an S1 intensity of 1.5 times the diastolic threshold to assess the stability of refractoriness over time.
The second phase of the study was aimed at determining whether the effect of Si intensity on VERP is dependent on autonomic activation. In 10 patients, the protocol described above was performed both before and 10 minutes after pharmacological autonomic blockade. Atropine and propranolol were administered intravenously in doses of 0.04 mg/kg and 0.2 mg/kg, respectively. These doses have been shown to completely block the chronotropic effects of isoproterenol.9 Intrinsic heart rate was recorded at the beginning and end of this phase of the protocol to assess stability of the blockade. No attempt was made to compensate for drug-induced changes in blood pressure.
In the third phase of the study, to assess whether the effect of S1 intensity on VERP is independent of S2 intensity, S2 strength-interval curves were generated first with S1 intensity at 1.5 times threshold and again with S1 intensity at 10 mA. As before, continuous overdrive pacing for 3 minutes was performed before each VERP determination. First, VERP was measured with S2 intensity at 10 mA. The coupling interval of S2 was then increased in 5-msec increments, and the capture threshold was determined at each coupling interval. A constant catheter position was maintained throughout.
In the fourth phase of the study, the time course of the change in VERP after an increase in S1 intensity was assessed in 10 subjects. As before, VERP was determined using an S1 intensity of 1.5 times threshold and an S2 intensity of twice the diastolic threshold. The coupling interval of S2 was shortened by 2 msec, and the time required for S2 to capture after abruptly increasing the S1 intensity to 10 mA was measured. The time to capture after an increase in Si intensity was also determined at S2 coupling intervals 4, 6, 8, and 10 msec shorter than baseline VERP.
The purpose of the fifth phase of the study was to determine whether the effect of S1 intensity on VERP measured under steady-state conditions is also present when VERP is measured conventionally. In 10 patients, VERP was measured using an eightbeat drive train at a cycle length of 500 msec and a 4-second intertrain interval. As before, the Si inten- Figure 2 , autonomic blockade significantly blunted but did not completely eliminate the effects of a high-intensity S1 on VERP.
Strength-Interval Curves
Strength-interval curves were determined in 10 patients at both low and high Si intensities. An S1 intensity of 10 mA shifted the entire curve to the left compared with that obtained during pacing at an S1 intensity 1.5 times threshold (Figure 3 ). With S2 intensity kept constant at 10 mA, VERP shortened by 14+4 msec, comparable to the change in VERP measured with S2 intensity at twice threshold. An anodal dip was not seen at either S1 intensity. As seen in Figure 3 , the late diastolic S2 capture threshold was independent of S1 intensity. Time Course of Effect of Si Intensity on VERP The time course of the change in VERP after an abrupt increase in S1 intensity was assessed in an additional 10 patients. As seen in Figure 4 , VERP change was not instantaneous, but progressive over time. It required 18±28 seconds for VERP to shorten by 2 msec and 64±46 seconds for it to decrease by 10 msec after a change in S1 intensity from 1.5 times threshold to 10 mA. Although the time course of changes in VERP was variable between patients, regression analysis revealed a highly significant correlation between the decrease in VERP and the time after a switch to high-intensity S1 (r=0. 4 Pt  1  2  3  4  5  6  7  8  9  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44   1.5 x threshold  264  248  240  248  266  236  262  216  208  208  222  224  246  230  244  230  238  224  230  226  236  212  234  188   Mean+SD   232±+19   5 mA  260  240  232  234  250  232  252  206  208  204  206  204  202  222  230  214  222  210  220  216  222  198  218  164   10 mA  238  236  226  238  250  222  244  192  202  194  202  196  194  216  224  206  210  200  214  206  212  188  196  164 219+20 211±19 S1, basic drive train stimuli. Values are effective refractory increase in Si intensity significantly shortened the measured VERP. VERP was 242±+16 msec at an Si intensity of 1.5 times threshold, 233±15 msec at an S1 intensity of 5 mA, and 228±15 msec at an Si intensity of 10 mA (p<0.001 for both baseline versus 5 mA and 5 mA versus 10 mA).
Discussion
Main Findings
The results of this study demonstrate than an increase in S1 intensity from approximately 1 mA to 10 mA results in a decrease in VERP of approximately 10%. The strength-interval curve is shifted to the left by an increase in S1 intensity, indicating that there is no interaction between the effects of the S1 and S2 current strengths on VERP. The decrease in VERP develops gradually after an abrupt increase in Si intensity and requires more than a minute to reach a steady state after a change in S1 intensity from 1.5 times threshold to 10 mA. Attenuation of the effect of Si intensity on VERP by autonomic blockade indicates that a local release of norepinephrine at the pacing site may be at least partially responsible for the shortening of ventricular refractoriness that occurs with an increase in S1 intensity. 
Results of Previous Studies
The results of this study are in accord with the findings of a previous experimental canine study. 3 Avitall et a13 noted a 23-msec (15%) shortening of VERP when S1 intensity was increased from 1 to 10 times threshold. In contrast, a recent study in humans by Tchou et a15 showed no change in VERP when Si intensity was increased from twice threshold to 10 mA. Several differences in the pacing protocol may account for these disparate results. First, Tchou et a15 measured VERP by shortening the S2 coupling interval by 10-msec decrements until loss of capture. Steps of 10 msec in the S2 coupling interval would be less sensitive to a change in VERP than the 2-msec steps used in this study. Second, the basic drive train duration was only six beats; the slow time course of the change in VERP after an increase in S1 intensity suggests that steady-state conditions may not have been achieved. Third, the intertrain pause and the absence of synchronous atrial and ventricular pacing in the study by Tchou et a15 could have introduced variability in cycle length and obscured systematic changes in VERP. with high-frequency trains (14 pulses at 100 Hz) produces effects that were probably related to the local release of norepinephrine. The magnitude of catecholamine release, as manifest by the local contractile force and the ventricular fibrillation threshold, appeared proportional to the intensity of stimulation. Although the frequency of stimulation is much less in the present study, the prolonged time course of change in VERP after an increase in Si intensity and the attenuation of the effect of Si intensity on VERP by autonomic blockade are consistent with stimulation of sympathetic nerve terminals and the local release of norepinephrine as a result of highcurrent-strength pacing.
Electrotonic Effects of Intense Stimulation
Changes in the local activation sequence affect action potential duration and refractory period.13,14 During ventricular pacing, repolarization proceeds centrifugally from central to peripheral regions. Cells near the pacing site have more negative intracellular potentials than those in the surrounding area. This results in a depolarizing local circuit current, which tends to prolong action potential duration.14 This "downstream effect" would be expected to be less pronounced with high-current-strength pacing because a larger area surrounding the electrode is activated (and repolarizes) synchronously.15
Limitations
The doses of atropine and propranolol used in this study have been shown to block the effects of exogenous neuromediators on the heart.9 Whether these doses are sufficient to prevent all local myocardial effects resulting from the release of endogenous catecholamines is not known. Therefore, we cannot rule out the possibility that higher levels of /8-adren- The yield of programmed ventricular stimulation may be limited in some patients because of local refractoriness at the site of pacing. Increasing the S2 intensity allows shorter coupling intervals to be achieved but also increases the incidence of nonclinical arrhythmias. 16, 17 Whether the use of a highcurrent-strength drive train with a low-intensity S2 would increase the predictive value of programmed stimulation will require further investigation.
